Carbon nanostructures consisting of corannulene/coronene-like pieces connected by atomic chains and doped with nitrogen atoms have been addressed by carrying out first-principles calculations within the framework of the spin-polarized density functional theory. Our results show that the conformation, charge distributions, and spin states are significantly influenced by the nitrogen incorporation in comparison to these characteristics of similar pure carbon structures. Higher concentration of incorporated nitrogen leads to a smaller highest occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) gap and different conductive states near the Fermi level. In turn the different location of the N-incorporation sites allows switching on and off of the π -electron magnetism in these systems. We found that the rotational deformation of the terminations with respect to the carbon chain depends on the number and the location of the incorporated N atoms. The most stable N-doped structures exhibit a relative rotation of the terminations of approximately 90 degrees. These findings indicate that by controllable N doping one can tune the conducting channel of carbon chains connected to sp 2 terminations; thus obtaining low band-gap nano-units.
I. INTRODUCTION
The substitution of carbon by nitrogen in carbon-based nano-structured materials is perceived as a possibility of tuning their electronic and mechanical properties [1] [2] [3] for future applications in electronic and photonic devices. Nitrogen is an appropriate dopant for carbon-based systems, since it has a similar atomic radius as carbon and possesses 1 additional valence electron. Hence, this n-type doping can also lead to significant changes in the band gap of the corresponding carbon-based materials. For example, in graphene the nitrogen-doped carbon system can increase the durability and activity of a Pt catalyst, 4, 5 while in fullerenelike thin solid films the N-doped system has been found to lead to high hardness combined with a high elasticity attributable to the cross-linking between curved basal planes. 6 The substitution of C by N in a corannulene molecule or in a pentaindenocorannulene molecule gives an increment of the absorption energy of the carbon structures. Such increment is, however, strongly dependent on the incorporation site of the nitrogen atom. 7 In corannulene the stability of an N-doped system also depends on the nitrogen incorporation site. 8 Density-functional theory studies of N doping of graphenelike pieces have shown that N atoms can disrupt the delocalized double bond typical for the graphene sheets, improving the Pt-catalyst binding energy. 9 Additionally by employing first-principles calculations of the electronic properties of N-doped graphene nanoribbons (GNRs), it was found that the incorporated nitrogen atoms prefer to distribute near the nanoribbon edges, thus exhibiting an impurity state below or above the Fermi level for the Ndoped GNR. Again, electronic structure details depend on the nitrogen incorporation site. 10 In the present work we investigate the structural and electronic impact of N incorporation in a carbon-atomic chain connecting 2 distinct terminations with sp 2 hybridizations. In principle these types of atomic chains could be experimentally fabricated from N-doped GNR by using a controlled electronbeam irradiation. 11 Our model system consists here in a corannulene-C 4 -coronene structure (where -C 4 -represents a one-dimensional atomic chain containing four carbon atoms). We consider between 1 and 3 nitrogen atoms occupying different carbon sites in this reference structure. In a previous work 12 we addressed the "pure carbon" coronene-C ncoronene structure (n = 3-6), and we found that its electronic properties depend on its parity. Structures with an even number of C atoms in the chain are singlet (the total spin is 0) and those with an odd number of C atoms in the chain are triplet 12, 13 (the total spin is 1).
The substitution of C by N in a structure like that is also expected to significantly change its magnetic properties, 14 thus providing templates with controllable magnetic properties and possible optoelectronic applications. [15] [16] [17] [18] [19] The model system containing a four carbon atom chain studied in this work has been chosen because such variants of the considered systems, with an even number of carbon atoms in the chain, possess the advantage of exhibiting larger band gaps, in comparison with similar systems containing an odd number of atoms in the chain. 12 To explore a higher structural diversity of nitrogen incorporation sites we have employed 1 coronene molecule and 1 corannulene molecule at the extremities of the chain, instead of symmetric systems consisting of 2 coronene molecules or 2 corannulene molecules.
II. METHODS AND CALCULATIONS
The calculations presented here were performed within density-functional theory (DFT) in the generalized gradient approximation (GGA), 20 using localized basis sets. All the model structures of the corannulene-C 4 -coronene type and their N-doped products were optimized according to the procedures:
(1) At the first stage we employed the Gaussian 03 code 21 to perform all-electron calculations within the hybrid GGA B3LYP exchange-correlation functional, 22 ,23 using the 6-31G(d,p) basis set. In the total 23 different structures were optimized; the first one being the pure carbon (corannulene-C 4 -coronene) structure, and the remaining 22 structures resulting from substitution of selected C atom(s) by 1, 2, or 3 N atom(s) (see the nomenclature in Fig. 1 ). As we are dealing with large molecular systems, the Gaussian code is particularly a useful tool due especially to the fact that it provides very efficient analytic gradients for density-functional theory (DFT). This permits that the equilibrium geometry of all systems of interest are efficiently localized and additionally characterized as energy minimum structures using the harmonic frequency analysis.
(2) At the second stage all B3LYP/6-31G(d,p) optimized structures were used as input in the SIESTA program. 24 The advantage to switch to SIESTA for performing this task is attributable to its efficiency for treating the electronic structure of very large systems with good accuracy and also yielding a reliable interpretation of the spin-polarized electron density of states (DOS). In this case we employed the pure GGA scheme of Perdew, Burke, and Ernzerhof (PBE), 25 using normconserving pseudopotentials 26 as well as conjugate gradients algorithm for a second geometry-relaxation process. We adopted a double ζ -pseudoatomic orbital basis set, which has been shown to be successful when addressing similar systems such as nanotubes, 27 nanochains, 28 and graphene. 28 After the reoptimization of all the 23 model systems, the DOS, charge density for the highest occupied molecular orbital (HOMO), and the lowest unoccupied molecular orbital (LUMO), as well as the spin densities were calculated.
To obtain the total DOS, first we carried out spin-polarized calculations using the Gaussian 03 code, 21 which locates a minimum structure for a fixed-spin multiplicity. The most stable structures found in this way were then submitted to the SIESTA's spin-polarized relaxation. In terms of the spin multiplicity, some of the obtained systems exhibit singlet states, while others appear in doublet or triplet states, depending on the number of dopant N atoms and their incorporation sites. The spin density is defined as the difference in the electron density of up and down electron spin densities. 29, 30 Additionally the cohesive energy (E coh ) of each model system was calculated. It is defined as the energy required for breaking the system into the isolated atomic species. 31 The cohesive energy per atom (E coh/at ) is given by
where E total , E C , E H , and E N are the total energies of an optimized system, an isolated carbon atom, an isolated hydrogen atom, and an isolated nitrogen atom, respectively. The coefficients n C , n H , and n N represent the numbers of carbon, hydrogen, and nitrogen atoms, respectively. M = n C + n N stays for the number of both carbon and nitrogen atoms.
III. RESULTS AND DISCUSSION
Figure 1 displays a scheme with the optimized undoped system. This prototypical system is quite useful as a reference (benchmark) to the structures doped with 1, 2, or 3 N atom(s). In the table provided at the right-hand side of the structure in Fig. 1 the positions of the nitrogen substitutions are listed in accordance to the pure carbon benchmark structure. Thus, each system is labeled by a symbol (left column of the table on Fig. 1 ). The structure bearing label A0N is the pure carbon prototype, while the structures labeled from A1N to F1N possess 1 N atom, A2N to J2N incorporate 2 N atoms, and A3N to F3N incorporate 3 N atoms. Our designation of each system (a string containing 2 letters and 1 number) uniquely identifies not only the number of N atoms incorporated but also the site(s) of the N substitutions.
In the following discussion we shall compare the electronic properties of the 22 N-doped optimized structures to the benchmark system (corannulene-C 4 -coronene).
A. The benchmark system
As expected after geometry optimization the coronene part of the system conserves its planar shape, while the corannulene part maintains its usual curvature, in agreement with works by others. 32, 33 The carbon chain preserves its linear geometry but the corannulene molecule undergoes a significant rotation of about 10 degrees in relation to the coronene plane. Except for this rotational deformation, the structural properties obtained here agree with our previous results performed within all-075417-2 electron DFT for the coronene-C n -coronene structures (n = 3-6), 12 for which the 2 coronene molecules remain in the same plane.
The bond lengths obtained in the chain part of the system, starting the sequence from the corannulene part toward the coronene part, are as follows: 1.418, 1.238, 1.355, 1.238, and 1.420Å. While in our previous work 12 for a symmetric coronene-C 4 -coronene system the sequence reads 1.420, 1.238, 1.355, 1.238, and 1.420Å. The effect of curvature in one of the terminations (induced by the replacement of coronene for corannulene) brings a negligible change in the bond length closest to this termination. As a consequence the electronic structure of the carbon chain in both these systems is rather similar.
In Fig. 2 (a) the plotting of the spin-polarized DOS of the corannulene-C 4 -coronene system is shown. As expected for this structure, the up and down DOS are symmetric; i.e., there is no liquid spin in the benchmark structure because both terminations form closed-shell systems. The calculated value of the HOMO-LUMO gap is 1.92 eV, which is very similar to that (1.97 eV) obtained for the coronene-C 4 -coronene sytem. 12 By examining the charge density of the frontier molecular orbitals, displayed in Fig. 2(b) , the HOMO density is concentrated on the alternating C-C bonds, with less electron density at the bond between the chain and either the corannulene or the coronene terminations [ Fig. 2(b) , top]. This result is also in agreement with our previous analysis of the frontier molecular orbitals in related systems. 12 Thus, the presence of curvature (which can be seen as a kind of geometric defect in graphenelike networks) in one of the terminations does not introduce noticeable changes in the electronic distribution of the pure carbon chain.
B. Systems incorporating 1 N atom
For the total, after taking into account the symmetries, we obtain six different systems incorporating 1 N atom; i.e., A1N to F1N, which exhaust several structural possibilities, and we consider the most noteworthy of them in the present discussion.
Forthe system incorporating 1 N atom, the relaxed structures exhibit distinct structural and electronic differences when compared to the benchmark system [see Fig. 2(b) ]. The bond lengths near the N atom in the most cases change significantly with respect to the reference structure. In B1N the bond length 20-21 (see Fig. 1 for reading the labels) is 1.34Å, while the equivalent bond length in the benchmark system (A0N) is 1.42Å. In F1N the bond length 19-20 is 1.45Å, while the equivalent bond length in A0N is 1.42Å; i.e., a small increment of 0.03Å attributable to the N atom incorporated at site 22. For the same system, the bond length 20-21 (next to the N substitution) is about 0.05Å shorter in comparison to the equivalent bond length in the pure carbon system. These values illustrate that the N incorporation in such low dimensional systems changes not only the bond length close to the N site but affects the system as a whole.
It is noteworthy that the systems incorporating 1 N atom undergo a large rotational deformation when the N atom is inserted in the chain. The angle of the relative rotation of the coronene with respect to the corannulene terminations increases to approximately 90 degrees. The inclusion of 1 N atom in the pure carbon structure breaks the π -electron symmetry along the chain. Moreover, when the N atom is incorporated in the chain, the terminations suffer a large rotational deformation. This finding indicates that the lone-pair orientation in N atoms plays an important role for the electron distribution along the chain and for the geometry of the system as a whole. In contrast when the N atom is incorporated in either the coronene or corannulene terminations, the angle of relative rotation is less than 10 degrees (for comparison, the benchmark structure presents a small torsion of about 10 degrees).
In order to understand the conductivity channel in the linear chains, the spin-polarized DOS as well as the total spin densities were calculated for these 1N-doped systems. These are displayed in Fig. 3(a) for the structure A1N. The results obtained for the spin-polarized DOS indicate that the electronic ground states of all the systems incorporating 1 N atom are doublet states (see Table I ). As mentioned before this feature is related to a localized electronic state that appears near the Fermi level, resulting from the fact that the N atom 075417-3 possesses 1 additional valence electron more than the carbon atom. For this reason the calculated HOMO-LUMO gaps are much lower in the systems incorporating 1 N atom (varying between 0.33 and 0.69 eV) than in the pure carbon structure (1.92 eV). These findings for the electronic structure of the systems doped with 1 N agree with results obtained for similar systems by others. 10 From Fig. 3(a) it is also evident that in A1N, the incorporated N atom induces an electronic state below the Fermi level. Thus, the HOMO-LUMO gap decreases from 1.92 eV in A0N to 0.66 eV in A1N (i.e., a reduction of 66%) and to 0.33 eV in C1N (i.e., a reduction of 83%). It is remarkable that the incorporation of 1 N in the pentagon ring of corannulene leads to the smallest energy gap in the whole 1N-doped series. The total spin density of A1N is shown in the inset of Fig. 3(a) . As displayed, the largest spin density is concentrated near to the Fermi level. In Fig. 3(b) we plot the iso-surfaces of the HOMO and LUMO spin densities for A1N. Its charge distribution is significantly influenced by the N atom incorporated in the system (again, in comparison to A0N). This change strictly A1N-F1N  (1N-doped), A2N-J2N (2N-doped), and A3N-F3N (3N-doped) . corresponds to the change in the bond lengths attributable to the same doping event. Hence, the bonding orbital between atoms 22 and 23 in A1N tends to participate in a π -bond, which slightly decreases the corresponding bond length. A similar behavior is observed for the other 1N-doped structures. Considering the cohesive energy, the calculated E coh/at for the systems incorporating 1 N atom varies between 8.77 and 8.80 eV, as given in Table I . Structures A1N and D1N are the most stable, while B1N and E1N are the least stable in the 1N-doped series. Thus, an N atom incorporated at sites 21 or 24 leads to the most stable configurations, while an N atom located at the border between the chain and the terminations leads to less stable configurations. In fact carbon chains connected by an N atom (such as in B1N and E1N) to the terminations should possess weaker bonds at these connecting sites than the A0N structure.
Summarizing all the systems with 1 incorporated N atom and analyzing the frontier molecular orbital spin densities, we conclude that the HOMO states are mainly concentrated on the carbon atoms in the chain; e.g., in the bonds 20-21 and 22-23 [see Fig. 3(b) ]. A similar behavior is observed even for the total spin density of these systems, as displayed in the inset in Fig. 3(a) . However, the π -bond pattern along the chain is completely broken when a nitrogen atom is incorporated in the chain, leading to the previously described large rotational deformation at the terminations. Importantly, as a consequence of the N incorporation, the HOMO-LUMO gap decreases (being the value of this reduction dependent on the location of the N doping), changing significantly the conducting channel in the corannulene-C 4 -coronene system.
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C. Systems incorporating 2 N atoms
Ten different structures containing 2 N atoms were addressed (A2N to J2N) . In comparison to the benchmark structure, 2 significant changes characterize these 2N-doped systems:
(1) Changes in the bond lengths; e.g., the bond length 20-21 in system B2N varies to 1.31Å as compared to the equivalent bond in A0N (1.42Å), a change of 0.11Å. Generally, in the systems incorporating 2 N atoms the bond lengths change more significantly (when compared to the benchmark) than in systems incorporating 1 N atom.
(2) Large rotational deformation of the termination planes. For example, the structures A2N, D2N, E2N, H2N , and J2N exhibit the highest degree of such rotation (of about 90 degrees). The remaining conformations exhibit rotation of approximately 30 degrees, while the reference system presents deformation of only 10 degrees. Following the same pattern as the system incorporating 1 N atom, also the structures containing 2 N atoms in the chain exhibit the largest rotational deformations.
Considering the electronic properties of the 2N-doped systems, we found that their electronic ground state is either singlet or triplet (Table I ). In fact we noticed a simple rule defining the multiplicity of the ground state of such systems:
(1) When both N atoms belong to the chain or to the same termination (either the corannulene or the coronene), it is a singlet.
(2) When 1 N atom belongs to the chain and the other one belongs to a termination, the electronic ground state is a triplet.
This means that the incorporation of only 1 of the N atoms in the atomic chain increases the spin multiplicity, which results in an open shell system. In contrast when both N atoms belong to the chain or to the terminations, the electron spins become paired. In Fig. 4 the HOMO densities of 2 representative structures (A2N and C2N) with these multiplicities are displayed. The A2N HOMO presents a large concentration of up-spin density near the Fermi level, while the C2N HOMO presents no liquid spin. to 0.60 eV in comparison to the A0N structure with energy gap of 1.92 eV. The inset in Fig. 5(a) shows that most of the total spin density of the system is concentrated in the vicinity to its Fermi level. Considering these 2N-doped structures, I2N presents the smallest HOMO-LUMO gap (0.24 eV). Here, a meaningful observation is that the incorporation of another N atom in the pentagon ring at site 1 and another N in the chain at sites 21 or 22 leads to a significant reduction of the HOMO-LUMO gap of these systems.
In Fig. 5 (b) the iso-surfaces for the HOMO and LUMO spin densities for A2N are plotted. A considerable amount of the total spin density is concentrated at the atoms in the chain. At atoms 20, 21, 22, and 24, the down-spin density predominates while at atom 23, the down-spin density is more concentrated. The HOMO density is concentrated at the atoms in the chain and also at the bonds 20 Among the systems incorporating 2 N atoms, the most energetically stable is F2N (E coh/atom = 8.74 eV) containing the 2 N atoms in the chain. The less energetically stable is E2N with E coh/atom = 8.68 eV and with the 2 N atoms located at the border between the chain and the terminations. N incorporation at sites 21 and 24 implies higher stability than at sites 20 and 25. These results match very well our results for the 1N-doped systems, e.g., A1N (E coh/atom = 8.80 eV) and B1N (E coh/atom = 8.77 eV).
D. Systems incorporating 3 N atoms
We studied six different structures incorporating 3 N atoms (A3N to F3N) . Significant structural changes are also observed in comparison with the systems poorer in nitrogen considered above. In the structure F3N the bond length 22-23 becomes 1.22Å, while the corresponding bond length in the benchmark structure is 1.36Å; i.e., in the structure F3N the contraction (in comparison to the benchmark) in this bond length is 0.14Å. Another remarkable change in the bond length is noticed in 19-20 of structure A3N, which exhibits the value of 1.50Å, while in the benchmark structure it is 1.42Å (an increment of 0.08Å).
The electronic-ground states of all these system incorporating 3 N atoms are doublet, since they carry an additional valence electron per incorporating site (see Table I ). The N doping leads to more energy states below and above the Fermi level, and the HOMO-LUMO gaps decrease in relation to the benchmark structure A0N. For instance in F3N the HOMO-LUMO gap reads 0.58 eV (i.e., a reduction of ∼70%), while in C3N this is only 0.22 eV (i.e., a reduction of ∼89%), in comparison to the benchmark value of 1.92 eV. All these results present an obvious impact on the chain conductivity of systems incorporating 3 N atoms. Figure 6(a) shows the polarized DOS and the iso-surfaces of the total spin density of F3N. As seen, a large amount of the total spin density is concentrated near to the Fermi level, leading to a concentration of conductive states in this region. Figure 6 (b) displays the HOMO and LUMO spin densities of F3N. A large amount of the total spin density and HOMO density are concentrated in the corannulene molecule and in the atomic chain. Where the chain is connected to the corannulene termination appears spin-rich or spin-poor regions. This result agrees well with works by other groups on similar systems. 34, 35 We found that a π -bond is formed between atoms 20 and 21, which decreases the bond length 20-21 to 1.40Å (1.42Å in A0N). Bond 22-23 is also a π -bond type which explains its contraction by 0.14Å, compared to A0N. However, the most important feature of the 3N-doped systems is the disruption of the delocalized π -bond, typical in the benchmark system.
In terms of stability the less energetically stable 3N-doped structure is the system D3N (E coh/at = 8.61 eV), while the most stable is the system F3N (E coh/at = 8.67 eV). Again, these results confirm that N incorporated in the chain leads to a more stable system than N incorporated in the graphenelike terminations. For a better comparison, our calculated values for the 3N-doping series are given in Table I .
E. Overall comparison among the N-doped systems
The electronic ground state of the N-doped carbon nanostructures considered here depends on the number and the location of the N atoms incorporated in the system. As displayed in Table I , structures containing 1 N atom are doublet, those containing 2 N atoms are singlet or triplet, depending on the location of the N incorporation sites, and the structures containing 3 N atoms are always doublet. Table I also lists the calculated E coh/at for all systems addressed. Generally, when the N concentration increases, the cohesive energy per atom decreases as found for similar systems. 36 This result means that the greater the number of N atoms incorporated in a given structure, the less energetically stable it becomes. Thus, the average cohesive energy per atom decreases by about 1% with the inclusion of 1 N atom, 1.7% with the inclusion of 2 N atoms, and 2.6% with the inclusion of 3 N atoms in the benchmark structure A0N. Figure 7 illustrates the variation of the HOMO-LUMO gaps for all the 22 systems investigated as a function of the number of incorporated N atoms. As seen in Fig. 7 , for systems containing 1 N atom the largest energy gaps correspond to an N atom incorporated in the chain (A1N, D1N,  and F1N ), and the smallest energy gaps correspond to N sites in the graphenelike terminations (B1N, C1N, and E1N ). This reduction in the energy gap is also accompanied by significant structural changes, mainly in the atomic chain. In the cases of 2 N and 3 N atoms incorporated, the distance between the N atoms influences the energy gap value. This can be noticed when we compare directly the gap values for E2N and F2N with those for G2N, H2N, and I2N, and still with those for C3N, E3N, and F3N. The closer the N incorporation sites, the higher the HOMO-LUMO gap. Also, systems which are singlet states exhibit larger energy gaps (Fig. 7) compared to those that are doublet or triplet states.
It is interesting to notice that the effect of N doping in the dispersion of the calculated HOMO-LUMO gaps is higher for systems containing an even number of N atoms. For example, this dispersion in the energy gaps for structures containing 1 N atom is 0.36 eV, for those containing 2 N atoms the dispersion increases to 0.85 eV, and for 3 N atoms it is again 0.36 eV. These findings are worthy for further exploitation of these systems as possible conducting channels in molecular devices.
In fact an N atom incorporated in the low-dimensional carbon system considered in this work (corannulene-C 4 -coronene) leads to a reduction of its HOMO-LUMO gap by more than 80%. If the number of incorporated N atoms increases, the HOMO-LUMO gap values generally decrease further or stay low. While the energy gap of the benchmark structure is 1.92 eV, the average energy gap of the systems containing 1 N atom is 0.54 eV, the average energy gap of the systems containing 2 N atoms is 0.62 eV, and the average energy gap of the systems containing 3 N atoms is 0.37 eV. Complementarily, these results indicate that systems containing an odd number of N atoms have smaller HOMO-LUMO gap than systems containing an even number of N atoms.
IV. CONCLUSIONS
Wehave carried out a detailed spin-polarized DFT study of the structural and electronic properties of carbon-based nanostructures consisting in a small linear chain formed between 2 distinct sp 2 terminations doped with nitrogen in different concentrations. These terminations were chosen as 2 chemically synthesizable (i.e., experimentally viable) molecules, such as coronene and corannulene. We have examined the impact of the substitution of C atoms by N atoms at different concentrations and sites on the HOMO-LUMO gap of the systems. The results suggest that the possible conducting channel of these C-based nanostructures can be controllably tailored by doping the systems with N atoms. Most interesting, the conformation of some doped structures is controlled by the spin states of the system. Also, the rotational deformation of the termination graphenelike pieces depends on the number and the location of the N incorporation sites. The most stable N-doped conformations exhibit relative rotation of the terminations of approximately 90 degrees.
The N-doping effects in these systems correspond to a significant reduction of their HOMO-LUMO gaps and to a considerable change in both their charge distribution and structure. Thus, the energy gap can be tuned in a range between 0.2 and 1.1 eV. In all these cases of N incorporation, the HOMO-LUMO gap decreased more than 60% in comparison to the HOMO-LUMO gap of the pure carbon benchmark structure. For the systems containing 1 N atom, the electronic ground state is doublet. For the systems containing 2 N atoms, the electronic ground state is either a singlet or triplet, depending on the sites of N incorporation. For the systems containing 3 N atoms, the electronic ground state is a doublet.
These results emphasize that N-doped carbon atomic chains connected to graphenelike terminations are promising C-based nano-systems, permitting controllable changes of their electron-spin states and their conductive states near the Fermi level. These features are even more valuable when considered in the context of the feasibility of the experimental fabrication of such nano-systems from GNRs containing nitrogen, by employing, for example, controlled energetic-electron irradiations inside a transmission electron microscope. 
